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a  b  s  t  r  a  c  t
In this  work,  we  present  an  optical  approach  that  allows  quantiﬁcation  of  compounds  dissolved  down
to  a  sub 10  ppm  (molar)  level  in  supercritical  carbon  dioxide  (scCO2) by  in  situ  Raman  spectroscopy.  The
quantiﬁcation  strategy  is  based  on  the consideration  of Raman  signal  intensity  ratios  and  of  weak  Raman
signals  of  CO2.  The  ﬁrst  measure  makes  the  quantiﬁcation  strategy  independent  of  the  refractive  index,eywords:
aman spectroscopy




laser  power  ﬂuctuations  and  changes  in alignment,  and  is thus  robust  against  variations  of  the  operation
conditions.  The  second  measure  circumvents  the  classical  challenges  related  to the dynamic  range limit
of  detectors,  which  is inherent  to  the  quantiﬁcation  of minor  compounds.  Example  solubilities  of  the
wax  alkyl  ketene  dimer  (AKD)  in  CO2 were  quantiﬁed  at 333  K  and  a range  of pressures  from  10  MPa  to
18  MPa.  The  solubilities  are  between  0.1  mg g−1 and 1.5 mg  g−1 corresponding  to  ∼9 ppm  and  ∼132  ppm
(molar),  respectively.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license. . Introduction
Close to its critical point the thermo physical properties of a ﬂuid
re intermediate between those of a liquid and a gas and can be
uned signiﬁcantly by means of pressure and temperature changes
1]. This enables adjusting the properties of carbon dioxide (CO2),
hich features rather low critical parameters of 7.4 MPa  and 304 K,
o the needs of process operations and with this to replace envi-
onmentally malign organic solvents in extraction, separation and
article formation processes [2]. Aiming to study phenomena tak-
ng place inside supercritical CO2 (scCO2) mixtures, it is necessary
o develop methods for in situ analysis applicable under extreme
onditions and without perturbing the system under investigation.
Experimental methods to determine solubility of compounds
n high-pressure systems have been summarized in literature
3–6]. Among them, mainly those combining a view cell with
pectroscopic methods offer the possibility of in situ analysis.
aman spectroscopy represents a powerful inelastic light scat-
ering technique, which provides information about intra- and
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Open access under CC BY-NC-SA linter-molecular interactions [7–9]. Raman spectroscopy is comple-
mentary to infrared absorption spectroscopy as infrared non-active
molecular transitions being Raman-active and vice versa. On top of
this, Raman spectroscopy also offers an advantageous alternative to
study systems under high pressure since there is no need for sam-
ple preparation and the materials most frequently used for optical
windows, such as borosilicate, quartz, sapphire or diamond, do not
restrict the applicability of Raman spectroscopy from the visible
to the near infrared spectral range. At the same time, the possi-
bility of collecting signals in a back-scattered geometry simpliﬁes
the design of a high-pressure/high-temperature cell and increases
reliability at high pressures, since only one window is required.
The  weakness of Raman scattering is caused by the small Raman
scattering cross section of the molecules under investigation, which
results in small Raman signal levels per molecule. Fortunately,
this is compensated by the high molecular number density in
compressed systems, which makes the detection of Raman spec-
tra with reliable signal-to-noise ratios possible. Raman signals are
speciﬁc for each type of compound and the signal intensity (mea-
sured as the area under the peak) is related to the amount of
molecules, which qualiﬁes Raman spectroscopy under many cir-
cumstances as a quantitative technique [10–12]. At high pressure,
elevated temperature and in multi-component systems interac-
tions between molecules inﬂuence the Raman spectra with respect
to line broadening/narrowing, shifts of the peaks, changes in inte-
grated intensity of the Raman signals and the depolarization ratio
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f the mixture composition from the Raman spectrum and can be
liminated to a big extend if the evaluation method is based solely
n the consideration of ratios of Raman signal intensities.
Pioneer studies in the use of Raman spectroscopy to quantify the
omposition of phase equilibria of binary mixtures at high-pressure
ere made by Stratmann and Schweiger in 2002 [14]. Later the
ame measurement concept has been used by Tang et al. [15] to
nalyze phase equilibria or solubilities of binary systems composed
f diverse compounds. Nevertheless the solubility of many solids
n compressed CO2 is too little to be quantiﬁable with the above
entioned method.
When it comes to the quantiﬁcation of minor compounds in
cCO2, Raman spectroscopy methods based on the consideration of
atios of Raman signal intensities faces one extra challenge. The
ynamic range between the low Raman signal intensity of the
olute (minor compound) and the high Raman signal intensity of
he solvent (major compound) has to be covered by the measure-
ent approach, which is usually limited by the dynamic range of
he detector.
This work aimed to develop an approach, which – under the
hallenging conditions of only few solute molecules dissolved in
everal orders of magnitude more solvent molecules in systems
f varying index of refraction – provides a straight forward com-
osition quantiﬁcation strategy. Therefore the proposed approach
ombines one strategy to make the mixture composition evalua-
ion independent of the index of refraction and a second strategy
o quantify solubility down to values signiﬁcantly exceeding the
ynamic range of the detector.
Alkyl ketene dimer (AKD) has been chosen as the solute due to
he previous experience of the authors with the compound [16].
. Materials and methods
.1. Chemicals
Alkyl ketene dimer granules (DR SF 300) with a mean particle
iameter of approximately 4.5 mm were supplied by EKA Chem-
cals (Bohus, Sweden). Carbon dioxide (Linde, Germany) with a
urity of 99.5% was used as solvent.
.2. Equipment description
A scheme of the experimental setup is shown in Fig. 1. The high-
ressure view cell is equipped with 3 windows and has an internal
olume of 95 mL.  Four heating cartridges are integrated into the
ell to condition the cell. For temperature and pressure control a
emperature (PT-100) and a pressure sensor are installed. The CO2
as delivered into the cell using a high pressure syringe pump.
We operated a continuous wave frequency doubled Nd:YVO4
aser at 3.5 W and a wavelength of 532 nm to excite the Raman
rocess. The laser beam diameter has been expanded using a Galilei
ype telescope from 3 mm to 50 mm.
Then the laser beam has been focused through a spherical lens
f = 150 mm,  Ø = 2′′) into the high-pressure view cell. The focal waist
f the laser beam has then been imaged via two lenses (Ø = 2′′)
nto the horizontally oriented slit of an imaging spectrometer.
s the focal lengths of the two detection lenses are 100 mm and
50 mm,  respectively, the diameter of the focal waist of the laser
eam has been magniﬁed by 1.5. A long pass ﬁlter in the collimated
ath of the detected signals suppresses elastically scattered light
ith an optical density higher than 6. A Glan laser polarization
nalyzer secured the detection of solely the s-polarized portion
f the Raman signal. The imaging spectrometer had a focal length
f 300 mm and was equipped with a reﬂective grating of 2400
ines per millimeter. For the detection of the Raman spectra a backritical Fluids 82 (2013) 263– 267
illuminated two-dimensional CCD detector with quantum efﬁcien-
cies exceeding 90% in the visible range has been used. The detector
chip is composed of 1600 (columns) × 400 (lines) pixels, each pixel
having an edge length of 16 m × 16 m.  To improve the signal-to-
noise ratio we set the camera settings to full vertical binning and
additionally binned four pixels each along the spectral axis. Conse-
quently the two-dimensional detector can now be considered as a
one-dimensional detector array of 400 superpixels along the spec-
tral axis. According to the camera speciﬁcations, the well depth
(number of electrons that can be stored in one pixel) of the read-out
register pixels is 400,000 electrons, while the read out noise for
the smallest read out rate is 4 electrons. Consequently the dynamic
range of the detector chip, which is the ratio of well depth and
read-out noise, is maximum 100,000 (100 db or 19.9 bit). Unfortu-
nately, the digitization of the electrons into counts is accomplished
with 16 bit (state of the art of scientiﬁc cameras), which then limits
the dynamic range of the whole detector device to 65,536 (96.3 db).
2.3. Experimental procedure
To prepare the AKD/scCO2 system, solid AKD of known mass
as well as a stirring bar were introduced in the high-pressure view
cell. Once the cell was closed, it was purged at atmospheric pressure
with CO2 to remove residuals of air. The cell was  heated to 333 K to
melt the AKD and pressurized with CO2. The amount of CO2 fed into
the high-pressure view cell can be computed from the amount of
CO2 inside the syringe pump before and after the feeding process,
which is computed according to the Span and Wagner equation of
state from the volume the pressure and the temperature of the CO2
inside the pump [17]. While pressure and volume are indicated on
the pump control display, the temperature is assumed to be the
temperature of the cooling jacket surrounding the syringe pump to
keep the CO2 liquid at 273 K. Once the desired pressure inside the
high-pressure cell is reached, the valves between the pump and
the cell are closed and magnetic stirring is started. Then Raman
spectra were taken in increments of 1 h until the signature of the
Raman spectra did not change anymore in time. The exposure time
of one Raman spectrum was 10 s. Raman spectra were acquired
in triplicate. Raman spectra of solely scCO2 were also acquired for
evaluation purposes.
The detailed treatment of the acquired Raman spectra is
explained in the results section. All the spectra have been evaluated
using an in-house programmed software based on LabView.
3. Results and discussion
As mentioned in the introduction, differences in pressure, tem-
perature and mixture composition involve differences in refractive
index, which has a direct impact on the Raman signal intensity.
Fortunately the inﬂuence of refractive index onto the Raman
signal intensity of different Raman transitions can be considered
identical, if the Raman-shifts of the respective transitions are not
too far apart. Therefore the evaluation of ratios of the Raman signal
intensities of AKD and scCO2 instead of absolute signals eliminates
the non-predictable inﬂuence of the index of refraction. In the case
of solubility studies of AKD (minor compound) in pressurized CO2
(major compound), the amount of AKD dissolved in CO2 is several
orders of magnitude smaller than the amount of CO2 dissolving the
AKD. As a result the fundamental Raman signals of AKD are also
several orders of magnitude smaller than the fundamental Raman
signals of CO2. Limited by the dynamic range of the detector,
a simultaneous acquisition of both fundamental Raman signals
with reliable signal-to-noise ratios is impossible. The Raman
signal intensity of the minor compound can be increased either
by increasing the excitation energy of the laser or by increasing























3ig. 1. Sketch of the experimental setup of the Raman sensor and photos of the high
he  window.
he exposure time of the sensor. Unfortunately both measures
re limited to the point when the fundamental Raman signal of
he major compound, which has to be detected simultaneously
ith the minor compound Raman signal, saturates the detector.
herefore, we identiﬁed a region of the Raman spectrum of
ixtures of AKD and CO2, where a strong fundamental Raman
ignal of the minor compound can be detected simultaneously
ith a weak Raman signal of the major compound. At this point,
t should be pointed out that the weak Raman signal of CO2 used
n this work (between 2200 cm−1 and 2500 cm−1, indicated by
S1  in Fig. 2, and between 2900 cm−1 and 3150 cm−1, indicated
y WS2  in Fig. 2) cannot be assigned to a distinct transition of
O2 by the authors. As information extractable from literature
as insufﬁcient, the assignment of the weak Raman signals WS1
nd WS2  of CO2 would require theoretical computations that are
eyond the scope of this work. Speculating, it could be attributed
o a combination of different vibrational modes for CO2 isotopes.
In Fig. 2, the black spectrum II-I shows the difference spectrum
hen the spectrum I (pure CO2) has been subtracted from spectrum
ig. 2. Raman spectra of pure CO2 at 333 K and 18 MPa  (I: dashed line), of AKD
issolved in CO2 at 333 K and 18 MPa  (II: solid gray line) and of the dissolved AKD at
33 K and 18 MPa  II-I (II-I: black solid line). “OT” indicates overtone signals of CO2.ure view cell. Partially molten AKD can be seen inside the high-pressure cell behind
II (AKD dissolved in CO2) and thus represents the Raman spectrum
of the dissolved AKD, isolated from the Raman spectrum of CO2.
In the spectral range shown, there are only weak Raman signals
of CO2 visible, which are several orders of magnitude weaker than
the fundamental Raman signal dyads of CO2 appearing at smaller
Raman shifts not detected here. This enables us to detect Raman sig-
nals of the minor compound AKD (dissolved in CO2) and the major
compound CO2 simultaneously, which are in the same range of
intensity. Consequently, the strategy of considering ratios of Raman
signal intensities of the two  compounds becomes possible and reli-
able, though the difference of their amount of substance is several
orders of magnitude.
The analysis of the Raman spectra of pure CO2 showed that
the intensity ratio of the CO2 signals between 2200 cm−1 and
2500 cm−1 (WS1 in Fig. 2) and between 2900 cm−1 and 3150 cm−1
(WS2 in Fig. 2) decays with increasing pressure. Therefore, the cor-
rect isolation of the Raman signal of the AKD, which is dissolved in
CO2, requires the subtraction of a Raman spectrum of CO2 that has
been acquired at the same operation conditions.
The Raman spectra of the system AKD/scCO2 were acquired
placing ﬁve different amounts of AKD (15, 25, 49, 100 and 600 mg)
in the cell. For each amount, different pressures (from 10 MPa  to
18 MPa) corresponding to different amounts of CO2 (from 27 to
65 g) were studied. The ratio of the Raman signal intensities of AKD
and CO2 was computed from the Raman signal intensity of AKD
IAKD, which is represented by the integral of the Raman spectrum
(II-I) in Fig. 2 between 2800 cm−1 and 2980 cm−1, and the WS1
Raman signal intensity of CO2 ICO2 , which is represented by the inte-
gral of the Raman spectrum II between 2200 cm−1 and 2500 cm−1.
The ratios of the Raman signal intensities of AKD and CO2
IAKD/ICO2 are shown in Fig. 3(i) as a function of pressure. One  data
point represents the mean value computed from three Raman spec-
tra. The standard deviations are smaller than 0.1 and are not shown
in Fig. 3. When 600 mg  of AKD are present in the cell, the dense gas
phase is always saturated since non-dissolved molten AKD can be
observed inside the cell for all pressures. It can be observed that
the signal intensity ratio IAKD/ICO2 increases continuously with
266 I. Rodriguez-Meizoso et al. / J. of Supercritical Fluids 82 (2013) 263– 267
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3ig. 3. (i) Raman signal intensity ratio IAKD/ICO2 from the solution (AKD dissolved 
KD  inside the high-pressure cell. The data points tagged with capitals correspond
issolved in CO2 at 333 K as a function of the Raman signal intensity ratio IAKD/ICO2
ressure, which is in agreement with the higher solvation power of
O2 at higher densities. When lower amounts of AKD are present in
he cell, i.e. 15, 25, 49 and 100 mg,  the signal intensity ratio IAKD/ICO2
ollows the same tendency as in the case of 600 mg,  until it reaches
n inﬂexion pressure point and the opposite behavior is observed.
s an example, in the case of 100 mg  of AKD, a decrease in sig-
al intensity ratio IAKD/ICO2 is observed exceeding approximately
6 MPa. This fact indicates that all the AKD is dissolved at this point,
nd an increase in pressure by adding more CO2 results in diluting
he solution. The same behavior is observed for the systems with
ower amounts of AKD, each of them showing different inﬂexion
ressures.
Therefore, we have identiﬁed six data points (tagged with cap-
tal letters in Fig. 3(i) in which all the AKD introduced in the cell
s dissolved. Note that these points are obtained at different pres-
ures. As we know the amount of CO2 fed into the cell and the
mount of AKD dissolved for each point, we can – from these six
oints – generate a calibration curve correlating the ratios of the
aman signal intensities of AKD and CO2 IAKD/ICO2 and the mass
atio of AKD and CO2. Fig. 3(ii) shows how these data points follow
 linear trend, thus emphasizing that the quantiﬁcation approach
ntroduced here is not affected by non-predictable changes of the
efractive index due to eventual alterations of pressure or compo-
ition.
The solubility data for the system AKD/scCO2 using 600 mg
f AKD was calculated from the calibration curve. Fig. 4 shows
ow the solubility data obtained in this work seem to respect the
: This work 
: Cloud point method [16] 
ig. 4. Mass ratio of AKD and CO2 for saturated solutions (AKD dissolved in CO2) at
33 K as a function of pressure.
[) as a function of pressure at a temperature of 333 K and for different amounts of
ration conditions, where all the AKD is dissolved in CO2. (ii) Mass ratio of the AKD
e tagged data points in Fig. 3(i).
solubility limits obtained by the cloud-point pressure determina-
tion in a previous work [16].
4. Conclusions
In this work, we have presented a Raman spectroscopy approach
that allows in situ quantiﬁcation of solutes in pressurized CO2 mix-
tures. The fast acquisition and evaluation of data with the present
approach enables monitoring the evolution of solubility with time
and following the kinetics of dissolution phenomena. With this
work, we  hope to un-lock the potential of Raman spectroscopy for
quantitative in situ analysis of dissolution phenomena in pressur-
ized systems.
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